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The aim of this study was to compare 11 treatment regimes (TR) in grapevine nurseries in order to eradicate 
trunk pathogens. Grapevine propagation material was subjected to treatments before cold storage, before 
and after grafting, before planting and after uprooting. Isolations were made from roots, rootstocks and 
graft unions of uprooted vines. None of the treatments consistently affected the number of certifiable vines 
produced. TR 1 (benomyl), TR 3 (Sporekill) and TR 4 (Trichoflow) increased root mass. Phaeomoniella 
chlamydospora was the most frequently isolated pathogen from all plant parts. In general, TR 2, 7, 9 
and 11 caused the lowest occurrence of Phaeomoniella. TR 9 consistently reduced the incidence of 
Phaeoacremonium. Pleurostomophora richardsiae occurred most frequently in graft unions, but treatments 
were too inconsistent to draw meaningful conclusions. TR 7 (hot water treatment (HWT) of uprooted 
grapevines) consistently reduced incidences of black foot disease (BFD) pathogens. The highest incidence 
of Botryosphaeriaceae occurred in graft unions, but all treatments significantly reduced infections. The 
colonisation of rootstocks and graft unions by Trichoderma was significantly better with TR 4 (Trichoflow). 
The other Trichoderma treatments (TR 9, 10 and 11) differed from the control treatment only in the graft 
unions. This is a first report of an integrated strategy covering all the phases of the propagation process, 
from the moment the nursery receives the propagation material until the dormant vines are removed. TR 
9 is recommended for use in nurseries, although HWT of dormant vines is recommended to eradicate BFD 
pathogens. Benomyl can be replaced by carbendazim when benomyl is no longer available.
INTRODUCTION
Trunk disease pathogens of economic importance in grapevine 
nurseries include Phaeomoniella chlamydospora (W. Gams, 
Crous, M.J. Wingf. & Mugnai) Crous & W. Gams and 
Phaeoacremonium species that cause Petri disease (Halleen 
et al., 2003; Mostert et al., 2006a), as well as species within 
the Botryosphaeriaceae family that cause wood necrosis and 
dieback (Van Niekerk et al., 2004; 2006; 2010). Propagation 
material taken from apparently healthy mother vines can 
already be infected by these pathogens prior to grafting 
(Fourie & Halleen, 2002; Halleen et al., 2003; Aroca 
et al., 2010) or become infected during the different nursery 
processes, mainly through the large number of wounds 
made (Halleen et al., 2003; Retief et al., 2006; Aroca et al., 
2010; Gramaje & Armengol, 2011; Agustí-Brisach et al., 
2013). Pleurostomophora richardsiae (Nannf.) L. Mostert, 
W. Gams & Crous, often found in graft unions of nursery 
vines (Halleen et al., 2003) and diseased vines (Halleen 
& Groenewald, 2005; Carlucci et al., 2015), has also been 
shown to be pathogenic towards grapevines (Halleen et al., 
2007a). Trunk disease pathogens, either individually or 
collectively, can be responsible for graft failure (Khan 
et al., 2000; Sparapano et al., 2001; Wallace et al., 2003), 
ultimately contributing to low take percentages in nurseries. 
Dactylonectria, Ilyonectria and Campylocarpon species, 
causal organisms of black foot disease (BFD) (Scheck 
et al., 1998a; 1998b; Halleen et al., 2004; 2005; 2006; 
Lombard et al., 2014), can infect graftlings from infected 
soil soon after being planted in nurseries (Halleen et al., 
2003). Furthermore, these early mother vine or nursery 
infections could remain latent until the vines are exposed to 
predisposing stress and/or conditions favourable for disease 
development once planted out in a vineyard (Ferreira et al., 
1999; Van Niekerk et al., 2011). 
In the past, standard practice in South African grapevine 
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nurseries aimed at limiting superficial fungal growth on 
propagation material in cold storage and callus boxes included 
drench-treating propagation material with contact fungicides 
such a captan, iprodione, 8-hydroxyquinoline sulphate, 
procymidone and triadimefon (Fourie & Halleen, 2004a). 
However, these fungicides were found to be moderately or 
poorly effective in reducing germination and mycelial growth 
of trunk disease pathogens such as Pa. chlamydospora 
(Jaspers, 2001), species in Botryosphaeriaceae (Bester 
et al., 2007), Dactylonectria, Ilyonectria and Campylocarpon 
(Halleen et al., 2007b). Furthermore, the excessive amount 
of chemicals needed, e.g. captan, which is used at five 
times the registered dosage recommended for grapevine, 
is definitely not an environmentally friendly practice. But 
still, the production of healthy, pathogen-free grapevines 
is of cardinal importance to the grapevine industry. The 
treatment of hydration water with benomyl, and to some 
extent with Trichoderma harzianum-containing products, 
in which rootstock material is drenched before grafting, 
reduces the occurrence of Petri disease pathogens, whilst 
HWT of rootstocks (at 50°C for 30 min) prior to grafting 
significantly reduced their occurrence (Fourie & Halleen, 
2004a). The treatment of hydration water with benomyl, 
didecyldimethylammonium chloride (Sporekill) and captan, 
in which rootstock and scion propagation material were 
drenched before cold storage, before grafting and prior to 
planting (repeated treatments), significantly reduced the 
incidences of trunk disease pathogens, while products 
containing Trichoderma harzianum were inconsistent 
(Fourie & Halleen, 2006a). Repeated treatments at various 
stages throughout the propagation process therefore seem 
to be more effective in reducing pathogen occurrence. 
However, black foot disease pathogens can still infect these 
plants once they have been planted in nursery soils, and 
therefore pre-planting treatments must be complemented 
by treatments during the growing season, or once uplifted. 
Previous studies with Trichoderma-containing products 
in nurseries highlighted the growth-stimulating effects of 
Trichoderma (dipping grafting material, soil amendments 
prior to planting and soil drenches during the growing 
season), possibly producing stronger nursery vines that 
are less affected by replant stress and latent infections 
(Fourie et al., 2001). Furthermore, Trichoderma also has a 
direct effect on pathogens through competition, antibiosis, 
parasitism, etc. (Kotze et al., 2011; Mutawila et al., 2011). 
Unfortunately, the effect on Petri and BFD pathogens was 
either inconsistent or not significant (Fourie et al., 2001; 
Halleen et al., 2007b). The only treatment thus far found to 
be effective against BFD appears to be HWT of the dormant 
nursery vines once uplifted (Halleen et al., 2007b). 
Although these studies gave significant insight into the 
presence of grapevine trunk disease-causing pathogens in 
propagation material, and critical stages in the propagation 
process could be identified, they focused only on the 
treatment of rootstock material at one specific period (Fourie 
& Halleen, 2004a), or if repeat treatments of rootstock and 
scion material were investigated, the same product was used 
throughout the various stages (Fourie & Halleen, 2006a). 
HWT prior to grafting was only investigated with rootstocks, 
and also not in combination with other treatments (Fourie & 
Halleen, 2004a). Benomyl proved to be the most effective 
treatment, since it was the most consistent. The aim of this 
project was to formulate and evaluate an integrated strategy 
for the proactive management of grapevine trunk diseases in 
nurseries. Various strategies, including chemical, biological 
and physical treatments, were investigated, with a special 
emphasis on environmentally safe alternatives. Benomyl 
is no longer available in most countries, and an effective 
replacement is required. Nursery trials were conducted 
in which different treatment regimes, divided into three 
categories according to their environmentally safe status, 
were compared with each other. 
MATERIALS AND METHODS
Grapevine material
In June 2006 and 2007, 101-14 Mgt (clone AA219A) 
rootstock cuttings were obtained from a certified mother block. 
The mother block was selected on the basis of its relatively 
high incidence of Petri disease pathogens, which had been 
determined in previous studies (Fourie & Halleen, 2004b). 
Shiraz (clone SH5C) scion cuttings were also obtained from a 
certified mother block during July 2006 and 2007.
Treatments
The treatments were set up as treatment regimes (TRs), with 
a single TR comprising the same treatment, or an integration 
of various treatments, being applied at various times during 
the propagation process. The treatments were applied as 
drenches before cold storage, before and after grafting, and 
before planting, as well as HWT of dormant nursery vines 
after uprooting (eight months after planting). The products 
included benomyl (Demeter 500WP, Volcano Agrosciences 
Pty Ltd., South Africa; 100 g/100 L water), carbendazim 
(Knowin 500SC, Plaaskem, South Africa; 100 ml/100 L 
water), didecyldimethylammonium chloride (Sporekill, 
ICA International Chemicals Pty. Ltd., Stellenbosch, South 
Africa; 150 ml/100 L water), Trichoflow-T™ (selected 
strains of Trichoderma harzianum, Agrimm Technologies 
Ltd., Christchurch, New Zealand; 2 g/L water) and chlorine 
dioxide (Oxine, Agri-Sense, Wellington, South Africa; CLO2 
at 10 ppm as recommended by the manufacturer). The same 
untreated tap water used by the commercial nursery was used 
as control treatment. 
The propagation procedures followed by most South 
African nurseries have been explained by Fourie and Halleen 
(2006a; 2006b). In this study, cuttings were hand-grafted 
and subjected to a cold callus regime. The duration of drench 
treatments was adjusted as follows: rootstock and scion 
cuttings (400 per treatment regime) were drenched for 1 h, 30 
min, 1 min and 10 min, respectively, in 50 litre suspensions 
of the fungicides, Trichoderma, CLO2-treated water or tap 
water prior to cold storage, before and after grafting and 
before planting (Table 1). HWT (30 min at 50°C, followed 
by a 30 min cool-down period in tap water) of the rootstock 
and scion cuttings was included in three TRs, as a single 
treatment in TR 6, or combined with other treatments in the 
integrated TRs 9 and 11. In TR 9 and 11, the HWT 30 min 
cool-down period was done in Sporekill-amended water. TR 7 
was subjected to HWT of dormant vines only (30 min at 50°C, 
followed by 30 min in cold water). A summary of all the TRs, 
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including the time and duration of treatments within each TR, 
is provided in Table 1. 
Trial layout 
The treated rootstock and scion material was placed separately 
in clean perforated plastic bags, one treatment per bag, in 
cold storage (1 to 2°C) from June to the end of August, when 
grafting took place. The grafted cuttings from the various 
treatments were stacked in callusing boxes covered with fresh 
pine sawdust, one treatment per box, and allowed to callus for 
five weeks, following the standard methods for cold callusing 
followed by the specific nursery (Fourie & Halleen, 2006a). 
After successful callusing, the graftlings were planted in two 
commercial field nurseries. The experiment was repeated the 
following season. However, due to the alternation between 
nursery blocks, the same nursery blocks could not be used 
(nursery A and B, 2006 to 2007; nursery H and I, 2007 to 
2008). The experimental layout was a randomised block 
design with four blocks, 11 TR, and 50 graftlings/TR/block. 
Determination of growth parameters 
The nursery vines were uprooted at the end of a seven- to eight-
month growing season in May 2007 and 2008 respectively. 
The number of certifiable vines according to the standards 
of the Vine Improvement Association (PO Box 166, Paarl 
7622, South Africa) was determined as a percentage of the 
total number of grafted cuttings planted. The combined root 
and shoot mass of 25 randomly selected vines/TR/block was 
determined. 
Determination of infection levels
The incidence of fungal pathogens in rootstock and scion 
cuttings was determined by means of destructive sampling 
before the cuttings were treated and placed in cold storage. 
Rootstock cuttings and grafts (100 of each) were collected 
from the nursery and taken to the laboratory for surface 
sterilisation (30 s in 70% ethanol, 5 min in 0.35% sodium 
hypochlorite and 30 s in 70% ethanol) before isolations were 
made. The canes were split lengthwise to reveal the xylem 
and pith regions. Eight pieces of xylem tissue (approximately 
0.5 x 1 mm in size) were aseptically removed from each cane 
and placed in Petri dishes containing 2% potato dextrose 
agar (PDA, Biolab, Midrand, Johannesburg) amended with 
chloramphenicol (250 mg/L) to reduce bacterial growth (four 
pieces per dish). Dishes were incubated in an incubation 
growth room at ± 25°C and with a 12 h light, 12 h dark 
light regime. Fungal growth from plated tissue pieces was 
monitored daily for four weeks, identified based on colony 
and/or morphological characteristics as Trichoderma spp. 
(Rifai, 1969), Phaeoacremonium spp. (Mostert et al., 2006b), 
Pa. chlamydospora (Crous & Gams, 2000), Pl. richardsiae 
(Vijaykrishna et al., 2004), Botryosphaeriaceae (Van 
Niekerk et al., 2004; Crous et al., 2006; Phillips et al., 2013) 
and black foot disease pathogens (Halleen et al., 2004; 2006; 
Lombard et al., 2014), or hyphal-tipped and transferred to 
PDA slants for later identification. 
The incidence of fungal pathogens in the same 25 vines 
selected above for determination of growth parameters/
TR/block was also determined at the end of the seven- 
to eight-month growing season by means of destructive 
sampling. Isolations from the roots, rootstocks (within 
3 cm of the rootstock base) and graft unions, incubation and 
identification were done as described previously. Infection 
levels of Trichoderma spp. and grapevine trunk disease 
pathogens, viz. Pa. chlamydospora, Phaeoacremonium spp., 
Pl. richardsiae, Botryosphaeriaceae and BFD pathogens, 
were calculated as a percentage of the eight dissected wood 
segments isolated from each plant zone. 
 
Statistical analyses
Certifiable plant yield percentages, root and shoot mass, 
percentage pathogen and Trichoderma incidence data were 
subjected to analysis of variance using SAS version 8.1 
(SAS Institute, Cary, North Carolina, USA). Student’s t-least 
TABLE 1
Summary of the treatment regimes explaining the time and duration of each treatment.
Treatment
regime
Time and duration of application
Before cold 
storage (1 h)
HWT before 
grafting
(30 min; 50°C)
Before 
grafting
(30 min)
After grafting
(1 min)
Before
planting
(10 min)
After uprooting
(30 min; 50°C)
1.   Benomyl ü û ü ü ü û
2.   Carbendazim ü û ü ü ü û
3.   Sporekill ü û ü ü ü û
4.   Trichoflow ü û ü ü ü û
5.   CLO2 ü û ü ü ü û
6.    HWT (prior to grafting) û ü û û û û
7.   HWT (dormant vines) û û û û û HWT
8.   Control û û û û û û
9.   Integrated Benomyl ü Sporekill Trichoflow Trichoflow û
10. Integrated Benomyl û Sporekill Trichoflow Trichoflow û
11. Integrated Benomyl ü Sporekill No wax. Trichoflow Trichoflow û
ü = Treatment
û = No treatment
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significant differences were calculated at the 5% confidence 
level to compare treatment means
RESULTS
Pathogen incidence in grafting material prior to cold 
storage
Fungal pathogens, including Phaeoacremonium and 
Botryosphaeriaceae species, were isolated from 6% of both 
the rootstocks and scion cuttings during the 2006/2007 
season, and from 8% of the rootstocks and 4% of the scions 
during 2007/2008. 
Growth parameters
Percentage certifiable vines produced
Significant nursery × TR interaction was observed, and 
therefore the data for the four nursery blocks could not be 
combined (P = 0.0003; ANOVA not shown). This interaction 
was mainly caused by the extremely low take percentage 
(25%) in the Thrichoflow regime (TR 4) and relatively high 
take percentage in an integrated regime (TR 11) (72.2%) in 
Nursery H. This phenomenon was not observed in any of 
the other nurseries. Pre-grafting HWT (TR 6) also reduced 
the take percentages in Nursery H compared to the untreated 
controls (TR 7 and 8). However, this reduction also was 
not observed in any of the other nurseries. CLO2 and an 
integrated regime (TR 9) increased take percentages in 
Nursery I only. The percentage certifiable vines produced 
in the untreated controls (TR 7 and 8) was between 55.5% 
and 74.4%. Compared to the untreated controls, none of the 
treatments consistently affected take percentages. 
Root mass
The Trichoflow (31.7 g), Sporekill (31.5 g) and benomyl 
(31.4 g) treatments increased root mass significantly 
(P ≥ 0.05; ANOVA not shown). None of the other treatments 
differed from the untreated controls (TR 7 and 8, 27.6 g and 
27.4 g respectively). 
Shoot mass
Significant nursery × TR interaction was observed for 
shoot mass, and therefore data for the four nursery blocks 
could not be combined (P = 0.0265; ANOVA not shown). 
This interaction was caused by an increase in shoot mass 
caused by TR 4 in nursery H (32.9 g) and TR 11 (17.7 g) 
in nursery I, compared to the untreated controls (23.1 g and 
21.2 g for TR 7 and 8 respectively in nursery H, and 10.3 g 
and 12.8 g for TR 7 and 8 respectively in nursery I). This 
phenomenon was not observed in any of the other nurseries. 
Shoot mass for all 11 TR in Nursery H was substantially 
higher (18.9 g to 32.9 g) than the corresponding TR in the 
other three nurseries (12.1 g to 15.4 g, 12.4 g to 16.4 g and 
10.3 g to 17.7 g in nurseries A, B and I respectively). This 
might be due to differences in nursery practice, since nursery 
grapevines are pruned during the growing season. Except for 
TR 4 (nursery H) and TR 11 (nursery I), none of the other 
TR differed from the untreated controls (TR 7 and 8), and 
therefore it is concluded that none of the TR consistently 
affected shoot mass. 
Infection levels
Phaeomoniella chlamydospora
Significant nursery X TR interaction (P < 0.0001; ANOVA 
table not shown) was observed for the mean incidence in 
roots, and therefore the analyses for the four nurseries could 
not be combined. This interaction was mainly caused by 
a significantly higher incidence of Pa. chlamydospora in 
the roots of TRs 4, 5 and 8 of nurseries A and B compared 
to nurseries H and I (Table 2). A higher incidence of 
Pa. chlamydospora also occurred in TR 3 (nursery A) and 
TR 6 (nursery B) compared to the other nurseries. None 
of the treatments significantly increased the occurrence of 
Pa. chlamydospora in nursery A, although TR 5 did not 
differ from TR 8, the untreated control. TRs 4, 3, 9, 1, 2, 
6, 7, 10 and 11 significantly reduced the incidence by 40%, 
52%, 96%, 100%, 100%, 100%, 100%, 100% and 100% 
respectively. None of the TRs significantly increased the 
incidence in Nursery B, although TR 4 and 5 did not differ 
from TR 8. Significant reductions were caused by TRs 6 
(70% reduction), 3 (96%), 1, 2, 7, 9, 10 and 11 (all 100%). 
TR 5 significantly increased the incidence in Nursery H, and 
TR 4, 6 and 10 did not differ from the untreated control. 
TRs 1, 2, 3, 7, 9 and 11 significantly reduced (100%) the 
incidence. None of the TRs significantly increased the 
incidence in Nursery I, although TRs 1, 3, 4, 5 and 10 did 
not differ from the untreated control. TRs 2, 6, 7, 9 and 
11 significantly reduced (100%) the incidence. Significant 
nursery X TR interaction (P < 0.0001; ANOVA not shown) 
was observed for the mean incidence in the basal ends of 
rootstocks, and therefore the analyses for the four nurseries 
could not be combined (Table 2). This interaction was 
caused mainly by TRs 1, 4 and 8. TR 4 and 5 significantly 
increased the incidence in nurseries A and B compared to 
TR 8. In nursery A, significant reductions were caused by 
TRs 3 (89% reduction), 10, 6 (90%), 1 (97%), 7, 9 (98%), 2 
and 11 (100%), while significant reductions were caused by 
TRs 10 (87%), 3 (89%), 6 (92%), 9 (96%), 2 (99%), 1, 7, 11 
(100%) in nursery B. None of the TRs significantly increased 
the incidence in nurseries H and I, although TR 5 and 4 did 
not differ from TR 8 in Nurseries H and I respectively. In 
nursery H, significant reductions were caused by TRs 4 
(42%), 10 (86%), 6 (90%), 1 (94%), 3 (96%), 11 (98%), 
7 (99%) and 2 (100%), while significant reductions were 
caused by TRs 5 (9.7%), 1 (74%), 10 (80%), 3 (81%), 6, 
11 (98%), 2 (99%) and 7 (100%) in nursery I. Significant 
nursery X TR interaction (P = 0.0004; ANOVA not shown) 
was observed for the mean incidence in graft unions, and 
therefore the analyses for the four nurseries could not be 
combined (Table 2). This interaction was caused mainly by a 
higher incidence of Pa. chlamydospora in TR 4 (nurseries A 
and H), TR 8 (nurseries H and I) and TR 10 (nursery H), and 
a lower incidence of Pa. chlamydospora in TR 5 (nursery 
I) compared to the other nurseries. TR 4 and 5 significantly 
increased the incidence in nursery A compared to in TR 8. 
None of the treatments caused an increase in any of the other 
nurseries, although TR 4 and 5 did not differ from TR 8 in 
nursery B, and TR 4 did not differ from TR 8 in nursery H. 
TRs 1 (93 to 100%), 2 (97 to 100%), 3 (69 to 93%), 6 (85 to 
96%), 7 (89 to 98%), 9 (81 to 100%), 10 (69 to 97%) and 11 
(98 to 100%) significantly reduced the incidence compared 
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to TR 8 in all the nurseries, whilst TR 4 and 5 reduced 
infections in nursery I, and TR 5 only in nursery H. 
Phaeoacremonium spp.
No significant nursery X TR interaction (P > 0.05; 
ANOVA not shown) was observed in any of the plant parts 
investigated, and therefore the analyses for the four nurseries 
could be combined (Table 3). Significant differences were 
observed between TRs for all the plant parts investigated 
(P < 0.0001). None of the treatments increased pathogen 
incidence in any of the plant parts (Table 3). The incidence in 
the roots in TRs 3, 4, 5 and 6 did not differ significantly from 
TR 8 (2.1%), while TRs 7, 2, 10, 1, 9 and 11 significantly 
reduced the incidence, by 76.2 to 100%, compared to TR 8. 
The incidence in the basal ends of rootstocks in TRs 3, 4 and 
5 did not differ significantly from TR 8 (4.7%), while TRs 
6, 2, 1, 11, 7, 10 and 9 significantly reduced the incidence, 
by 51 to 100%, compared to TR 8. In the graft unions, all 
the TRs significantly reduced the incidence compared to TR 
8 (10.2%). This reduction ranged between 36.3 and 97.5%, 
with TR 7 being the best.
Pleurostomophora richardsiae
No significant nursery X TR interaction (P > 0.05; ANOVA 
not shown) was observed and therefore the analyses for the 
four nurseries could be combined in the case of roots and 
basal ends, but not for the graft unions (P < 0.0001; ANOVA 
not shown). Significant differences (P = 0.0414; ANOVA not 
shown) were observed between the TRs in the roots, but this 
was only due to TR 6 (0.9%; Table 4), which differed from 
TR 8 (0%). None of the other TRs differed significantly from 
TR 8. No significant differences (P = 0.2586; ANOVA not 
shown) were observed between the treatments in the basal 
ends of rootstocks, and none differed from TR 8 (0.5%; 
Table 4). The nursery X TR interaction in the graft unions 
was caused mainly by a significantly higher incidence in TR 
11 (12.0%; nursery I) compared to the other nurseries. The 
only reductions were observed in nursery A, where TRs 1, 2 
and 10 reduced the incidence compared to TR 8 (6.0%). No 
TR showed an increased incidence in nursery A, although 
TR 3, 4, 5, 6, 7, 9 and 11 did not differ from TR 8. None of 
the treatments in nursery B differed from TR 8 (4%). TR 
10 (8%) significantly increased the incidence in nursery H 
compared to TR 8 (2%), but none of the other TRs differed 
from TR 8. TRs 6, 9, 10 and 11 significantly increased the 
incidence in nursery I compared to TR 8 (1%), but none of 
the other treatments differed from TR 8. 
BFD pathogens
No significant nursery X TR interaction was observed, 
and therefore the analyses for the four nurseries could be 
combined in the case of roots (P = 0.1672; ANOVA not 
shown), but not for the basal ends (P = 0.0555) and graft 
unions (P = 0.0004). Significant differences were observed 
between TRs in the roots (P = 0.0014; ANOVA not shown). 
TRs 6, 11, 9 and 7 reduced the incidence by 44.4%, 49.4%, 
56.8% and 100% respectively compared to TR 8, while TR 
1, 2, 3, 4, 5 and 10 did not differ from TR 8 (Table 5). The 
nursery X TR interaction in the basal ends of rootstocks was 
caused mainly by the significantly higher incidence in TR 3 
(17.2%) in nursery H compared to the other nurseries. TR 1, 
2, 3 and 5 significantly increased the incidence in nursery H 
compared to TR 8 (0%), although this was not observed in 
any of the other nurseries. TR 7 (0%) significantly reduced 
the incidence in nursery A compared to the untreated control 
(8.5%). None of the other treatments differed significantly 
from the untreated controls in nurseries B (3%), H (0%) and I 
(4.5%). The nursery X TR interaction in the graft unions was 
caused by TR 4 (nursery H) and TR 11 (nursery A), which 
caused a significantly higher incidence of BFD compared 
to the incidence in other nurseries. The incidence in all the 
nurseries was very low (0 to 3.9%), and no TR significantly 
TABLE 3
Mean incidencex of Phaeoacremonium spp. isolated from the roots, basal ends and graft unions of nursery grapevines subjected 
to various treatmentsy prior to planting in four field nurseries in Wellington, as well as HWT of plants after uprooting. 
Treatment
Incidence (mean %)z
Roots Basal ends Graft unions
1.   Benomyl 0.0 c 0.5 de 1.3 de
2.   Carbendazim 0.3 c 1.0 cde 1.0 de
3.   Sporekill 2.7 a 2.8 abc 4.5 bc
4.   Trichoflow 2.7 a 3.6 ab 4.4 bc
5.   CLO2 2.8
 a 3.8 ab 6.5 b
6.   Control (HWT prior to grafting) 0.6 bc 2.3 bcd 3.3 cd
7.   Control (HWT after uprooting) 0.5 c 0.0 e 0.3 e
8.   Control 2.1 ab 4.7 a 10.2 a
9.   Integrated 1 0.0 c 0.0 e 0.5 e
10. Integrated 2 0.3 c 0.0 e 1.8 cde
11. Integrated 3 0.0 c 0.5 de 1.3 de
LSD (P = 0.05) 1.56 1.99 2.74
x Percentage incidence was determined after uprooting in May and June 2007 and 2008.
y See Table 1 for treatments and timing of applications. 
z Values within each column followed by the same letter do not differ significantly.
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reduced the incidence. TR 9 and 11 significantly increased 
the incidence in nursery A compared to TR 8 (0%), while TR 
4 increased the incidence in nursery H. None of the other TR 
in any of the other nurseries differed significantly from TR 8. 
Botryosphaeriaceae spp.
No significant (P > 0.05; ANOVA not shown) nursery 
X TR interaction was observed in any of the plant parts 
investigated, and therefore the analyses for the four nurseries 
could be combined. No Botryosphaeriaceae spp. were found 
in the roots. No significant differences (P = 0.7334; ANOVA 
not shown) were observed between TRs in the basal ends of 
the rootstocks, and none differed from the untreated control 
(0%; data not shown). Significant differences (P < 0.0001; 
ANOVA not shown) were observed between TRs in the 
graft unions, and all TRs differed from the untreated control 
(4.9%; data not shown in a table). Compared to the untreated 
control, TRs 3, 4, 5, 1, 6, 11, 2, 7, 9 and 10 reduced the 
incidence significantly, by 43 to 94%. 
Trichoderma spp.
No significant nursery X TR interaction was observed, 
and therefore the analyses for the four nurseries could be 
combined in the case of the roots and graft unions (P > 0.05; 
ANOVA not shown), but not for the basal ends (P < 0.0001). 
No significant differences (P = 0.5519; ANOVA not 
shown) were observed between TRs in the roots, and none 
differed from the untreated control (0%). The nursery X TR 
interaction in the basal ends of rootstocks was caused by TR 
4, since a significantly higher incidence occurred in nurseries 
H and I compared to nurseries A and B. The incidence of 
Trichoderma was significantly more in TR 4 in all the 
nurseries compared to TR 8. The other TR that received 
Trichoderma (TR 9, 10 and 11) did not differ significantly 
from TR 8. Significant differences were observed between 
TRs in the graft unions (P < 0.0001; ANOVA not shown). 
The incidence in all the TRs that received Trichoderma (TRs 
4, 9, 10 and 11) differed significantly from the untreated 
control (0%). Furthermore, the Trichoderma incidence in TR 
4 (9.3%) was also significantly more than in TR 9 (6.5%), 10 
(5.1%) and 11 (3%).
DISCUSSION
The aim of the current study was to evaluate and compare 
11 treatment regimes (TR) that differed with regard to their 
compliance with good agricultural practice. Some of the 
treatments used in this study have been tested before and 
their efficacy has been proven. Treatments therefore were 
not evaluated in all the combinations in which they could be 
applied during the various stages in the propagation process. 
The treatments were classified as “red”, “orange” and “green”, 
with red being the least environmentally friendly (although 
effective), orange being more environmentally friendly with 
certain precautions to be undertaken, and green being the most 
environmentally friendly. The red treatments included benomyl 
and carbedazim. Dimethyldidecylammonium chloride, a 
quaternary ammonium compound used as a sterilising agent, 
represented orange. Dimethyldidecylammonium chloride 
is toxic to fish and therefore is regarded as environmentally 
unfriendly if the wastewater is discarded in rivers or dams. 
However, if the wastewater can be discarded in a temporary 
soil dam (without aquatic life), the active ingredient would 
be able to bind to soil particles and break down over time. 
Alternatively, the wastewater could be treated with kaolin, 
which would bind the active, ingredient making it harmless. 
Trichoflow-T™ and chlorine dioxide represented the green 
treatments. CLO2 is used in many industries as a disinfectant, 
for example to sanitise fruit and vegetables and to disinfect 
TABLE 4
Mean incidencex of Pleurostomophora richardsiae isolated from the roots, basal ends and graft unions of nursery grapevines 
subjected to various treatmentsy prior to planting in four field nurseries in Wellington, as well as HWT of plants after uprooting. 
Treatment
Incidence (mean %)z
Roots Basal ends Graft unions
Nursery A Nursery B Nursery H Nursery I
1.   Benomyl 0.0 b 0.0 b 0.0 g 0.0 g 0.0 g 0.0 g
2.   Carbendazim 0.0 b 0.0 b 0.0 g 0.0 g 0.0 g 0.0 g
3.   Sporekill 0.0 b 0.5 ab 10.0 ab 5.0 bcdefg 2.0 efg 3.0 defg
4.   Trichoflow 0.3 b 0.0 b 2.0 efg 0.0 g 3.3 defg 2.9 efg
5.   CLO2 0.5
 ab 1.3 ab 9.0 abc 5.0 bcdefg 3.0 defg 5.0 bcdefg
6.   HWT prior to grafting 0.9 a 1.6 a 3.6 defg 4.2 cdefg 2.1 efg 6.9 bcde
7.   HWT after uprooting 0.0 b 0.3 b 8.0 abcd 4.4 cdefg 7.0 abcde 0.0 g
8.   Control 0.0 b 0.5 ab 6.0 bcdef 4.0 cdefg 2.0 efg 1.0 fg
9.   Integrated 1 0.0 b 0.8 ab 1.0 fg 2.0 efg 6.0 bcdef 8.0 abcd
10. Integrated 2 0.0 b 0.0 b 0.0 g 2.0 efg 8.0 abcd 6.1 bcde
11. Integrated 3 0.0 b 0.5 ab 5.2 bcdef 0.0 g 2.0 efg 12.0 a
LSD (P = 0.05) 0.59 1.35 5.08
x Percentage incidence was determined after uprooting in May and June 2007 and 2008.
y See Table 1 for treatments and timing of applications. 
z Values within each column followed by the same letter do not differ significantly. 
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drinking water. 
None of the TRs affected growth parameters consistently, 
although TR 4 (Trichoflow), TR 3 (Sporekill) and TR 1 
(Benomyl) significantly increased root mass, again showing 
the growth-stimulating effect of Trichoderma. 
Phaeomoniella chlamydospora was by far the most 
frequently isolated pathogen on all the plant parts investigated. 
A grapevine can become infected by this pathogen from 
various sources throughout its lifetime (Mostert et al., 2006c), 
and it therefore is of the utmost importance to prevent these 
infections during the propagation process. In general, TRs 4 
and 5 either increased the incidence of Pa. chlamydospora, 
did not differ from the untreated control, or the reductions 
were not sufficient enough to be regarded as effective. TRs 
2, 7, 9 and 11 consistently caused the lowest incidence of 
Pa. chlamydospora in all the plant parts, although TR 6 also 
reduced it. Phaeoacremonium spp. occurred in all the plant 
parts, although the highest incidence was recorded in the 
graft unions. The most consistent result was obtained with 
TR 9, which reduced the incidence of Phaeoacremonium 
spp. in all the plant parts, although TR 7 also was effective. 
The incidence of Pleurostomophora richardsiae mostly 
was very low, especially in the roots and basal ends, and 
therefore it is very difficult to draw meaningful conclusions. 
The highest incidence occurred in the graft union, and it is 
interesting to note that the only reductions were observed in 
the nursery in which the highest incidence occurred in the 
untreated control. TRs 1, 2 and 10 reduced the incidence. 
However, TR 10 was inconsistent, since it increased the 
incidence in one nursery and did not differ from TR 8 in 
another. The fact that TR 7 (HWT of dormant vines) could 
not reduce these infections is a significant finding. Recent 
studies have shown that some Phaeoacremonium species 
have a higher temperature tolerance than the standard HWT 
regime of 50°C for 30 min (Gramaje et al., 2008; 2010), 
and it might be necessary to investigate this phenomenon in 
Pl. richardsiae. BFD pathogens occurred most frequently in 
the roots, followed by the rootstock and, to a lesser extent, 
in the graft unions. TR 7 was the most consistent and by far 
the best TR, since it completely eradicated or kept infections 
at 0%. This result is in line with previous findings (Halleen 
et al., 2007b). None of the other TRs consistently reduced 
infections or caused reductions that could be regarded as 
effective. No Botryosphaeriaceae spp. were found in the 
roots, and their incidence was very low in the basal ends. 
The highest incidence occurred in the graft unions, and 
there all the TRs significantly reduced infection. None of the 
treatments increased the incidence of Botryosphaeriaceae 
spp. in any of the plant parts. 
Colonisation of the basal ends and graft unions by 
Trichoderma was significantly better with TR 4, although 
the other TRs that received Trichoderma (TR 9, 10 and 11) 
also colonised the graft unions. The fact that Trichoderma 
were not found in the roots to the same extent as in the 
rootstocks and graft unions is understandable, since there 
were no roots prior to planting, or those grafted cuttings 
that had callus roots broke off once taken out of the callus 
boxes or when planted. TR 11, an experimental treatment in 
which the graft unions were not waxed after grafting, was 
included in this study to determine whether Trichoderma 
would be able to colonise the graft unions better. However, 
better Trichoderma colonisation was not obtained. In fact, 
Trichoderma colonisation was significantly better in TR 9, 
which received wax, as well as TR 4. 
TRs 1 and 2, the least environmentally friendly regimes, 
significantly reduced the incidence of Pa. chlamydospora, 
Pl. richardsiae, Phaeoacremonium and Botryosphaeriaceae 
spp., although it could not reduce BFD pathogens. TRs 1 
and 2 were equally effective against all the pathogens, 
except in one instance, where TR 1 significantly increased 
the incidence of Pa. chlamydospora. Carbendazim therefore 
could replace benomyl, which currently is recommended for 
use in South African nurseries (Fourie & Halleen, 2006a) 
when the latter is no longer available. In general, the more 
environmentally friendly TR 3 was equally as effective as 
TRs 1 and 2 in reducing Pa. chlamydospora, but was less 
effective against Phaeoacremonium and Botryosphaeriaceae 
and had no effect on Pl. richardsiae and BFD pathogens. TRs 
4 and 5, the most environmentally friendly regimes, either 
increased the incidence of Pa. chlamydospora, did not differ 
from the untreated controls, or did not reduce the incidence 
enough. It reduced the incidence of Phaeoacremonium and 
Botryosphaeriaceae spp. to some extent, but had no effect 
on Pleurostomophora richardsiae and BFD pathogens, or 
increased incidences of the latter. The importance of HWT 
of all propagation material prior to grafting (TR 6) was 
clearly illustrated. TR 6 was as effective as TR 1 in reducing 
the incidence of Pa. chlamydospora, Botryosphaeriaceae 
and Phaeoacremonium spp., although TR 9, the TR in 
which HWT is integrated with various other treatments, 
reduced the incidence of Phaeoacremonium spp. even more. 
Furthermore, although TRs 9 and 10 were equally effective 
against most pathogens, TR 9 was more consistent in reducing 
Pa. chlamydospora than TR 10, the TR without HWT. TR 9 
significantly reduced the incidence of Pa. chlamydospora, 
Phaeoacremonium and Botryosphaeriaceae, and even 
reduced the incidence of BFD pathogen in the roots.
The treatment of propagation material at various stages 
throughout the propagation process, following an integrated 
strategy, therefore is more effective in reducing the 
incidence of the entire spectrum of trunk disease pathogens. 
Trichoderma performed better in the integrated strategies 
than in repeat treatments of the same product. The reason 
why repeated Trichoderma applications in some instances 
increased the incidence of Pa. chlamydospora is not known. 
This phenomenon might be caused by an activation of the 
host response due to stimulation by Trichoderma. However, 
the incidence of Trichoderma in all the plant parts was 
very low and therefore the mere presence of Trichoderma 
might not be the cause. Fourie and Halleen (2006a) also 
reported negative effects (lower certifiable plant yields) in 
certain situations when Trichoderma was applied as repeated 
drenches. It is a well-known fact that Trichoderma produces 
a large number of secondary metabolites with biological 
activity (Vinale et al., 2008). The compound 6-pentyl-a-
pyrone (6PP) has been identified as the major secondary 
metabolite produced by Trichoderma species used for 
the control of grapevine trunk diseases (Mutawila et al., 
2016). Plant genes respond to pathogens and elicitors. For 
this reason, plant defence mechanisms do not necessarily 
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require stimulation by the living organism. The addition of 
Trichoderma metabolites that may act as elicitors of plant 
resistance also results in the synthesis of phytoalexins, 
pathogenesis-related proteins and other compounds, and 
in an increase in resistance against several plant pathogens 
(Benítez et al., 2004). During the interaction of Trichoderma 
with the plant, different classes of metabolites may act as 
elicitors or resistance inducers (Vinale et al., 2008). Phenolic 
compounds like tannins, phenolic acids, flavanoids and 
stilbenes are phytoalexins of the grapevine (Del Rio et al., 
2004). However, in the case of already infected grapevine 
material, an activation of a host response might also activate 
latent Pa. chlamydospora infections. Calzarano et al. (2007) 
found that frequent spraying of foliar fertilisers and bio-
activators on esca-affected plants during the growing season 
increased the incidence and severity of disease. Di Marco 
and Osti (2009) also observed an increase in esca-affected 
vines after the vines were sprayed with biostimulants. Martin 
et al. (2009) identified trans-resveratrol and є-viniferen 
and observed an increase in total phenolic content and 
trans-resveratrol in uncolonised tissue upon increased 
accumulation of phenolic compounds following fungal 
colonisation. However, Pa. chlamydospora is able to grow 
in the presence of resveratrol and tannic acid (Martin et al., 
2009) and has the ability to degrade resveratrol (Bruno & 
Sparapano, 2006). CLO2 also increased the incidence of 
Pa. chlamydospora in some instances, and this also might be 
due to an activation of host response.
HWT of dormant vines (TR 7) is highly recommended 
to eradicate BFD pathogens. It also significantly reduced 
the incidence of Pa. chlamydospora, Phaeoacremonium 
and Botryosphaeriaceae. It is recommended that benomyl 
be replaced with carbendazim when benomyl is no longer 
available. Carbendazim as a soak treatment during the 
hydration stage was also found to be effective against Petri 
disease fungi in Spanish nurseries (Gramaje et al., 2009). TR 
9 is recommended as an integrated strategy for the proactive 
management of grapevine trunk diseases in nurseries. 
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